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[57] ABSTRACT

Apparatus for measurement of light waves with an
unbalanced optical interferometer. The apparatus con-
ststs of waveguides on a flat substrate material charac-
terized by direction-dependent thermal expansion.
Thermal compensation is achieved without active regu-
lation by a predetermined spatial arrangement and
length ratio of the light paths so that the optical lengths
of the two waveguides change by precisely the same
amount. As a result, the optical path difference is inde-
pendent of temperature changes.

9 Claims, 2 Drawing Sheets
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INTEGRATED OPTICAL APPARATUS FOR THE
INTERFEROMETRIC MEASUREMENT

OF LIGHT WAVES

This application i1s a continuation of application Ser.
No. 710/702, filed Jun. 5, 1991, now abandoned.

BACKGROUND

1. Field of the Invention

The present invention relates to apparatus for the
interferometric measurement of light waves. More par-
ticularly, the invention pertains to apparatus of such
sort fabricated in integrated optics on an anisotropic
substrate.

2. Description of the Prior Art

Unbalanced optical interferometers comprise devices

in which a light beam 1s split into at least two partial
light beams. After the beams traverse defined, unequal
paths, they are recombined into a single beam. As a
result of interference, the intensity of the recombined
beam is a function of the phase difference between the
two partial light beams. Unbalanced interferometers are
employed, for example, for light source wavelength
stabilization, wavelength measurement, frequency anal-
ysis of light and demodulation of frequency-modulated
optical signals.
- A prerequisite for proper operation of such a device
is maintenance of the selected optical path difference
(determined as refractive index x path difference). Spe-
cifically, length and refractive index changes due to
temperature change must not influence the optical path
difference. In this regard, it 1s known to temperature-
control the interferometer (that is, to actively control
the temperature) to maintain it at the same temperature
at all times. It is also known to construct beam-optical
interferometers entirely of material of extremely low
thermal expansion qualities such as Zerodur.

Current research is devoted to miniaturization and
integration of optical and optoelectronic components.
In integrated optics components, the light is guided in
waveguides, modulated, superposed and detected. The
structures consisting of waveguides and electrodes are
applied to the surface of transparent substrates such as
lithium niobate, various semiconductors, glass and gar-
net. Most of the materials employed in integrated optics
(I0) are synthetic monocrystals. In such materials, ther-
mal expansion and the thermal change of refractive
index are non-negligible and of differing magnitudes in
the various crystal directions. Accordingly, 1t has not
been possible to construct an unbalanced, temperature-
compensated interferometer in int2grated optics by
employing known, conventional techniques. Tempera-
ture control of the component is indeed conceivable;
however, in most applications, it is not practicable due

to the required energy consumption and the required
broad temperature range.

'SUMMARY AND OBJECTS OF THE
| INVENTION

It is, therefore, an object of the present invention to
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The present invention addresses the foregoing objects
by providing apparatus for interferometric measure-
ment of light waves formed in integrated optics on an
anisotropic substrate. Such apparatus includes a pair of
light paths for receiving an input light beam. The light
paths are of differing optical path lengths. The direc-
tions of the light paths are selected with respect to the
crystal axes of the substrate, their path lengths and the
direction of polarization of the input light beam so that
the optical path length difference is unaffected by tem-

- perature changes.

The foregoing and other features and advantages of
this invention will become further apparent from the

 detailed description that follows. Such description is
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provide an integrated optic device for interferometric .

measurement of light waves without active regulation
for thermal compensation. |

It is another object of the invention to achieve the
above object by means of a device in which an optical
path difference, once set, does not change over a rela-
~ tively large temperature range.

65

accompanied by a set of drawing figures. Numerals of
the drawing figures, corresponding to those of the writ-

‘ten description, point to the features of the invention,

like numerals referring to like features throughout.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11s a perspective view of a Michelson interfer-
ometer in integrated optics with a single coupler and
two waveguide segments with mirror-coated open
ends; and

FIG. 2 1s a perspective view of a Mach-Zehnder
interferometer in integrated optics in which the injected
light is apportioned to two waveguides at a coupler and,
after traversing separate paths, is combined at a second
coupler.

DETAILED DESCRIPTION

FI1G. 1 1s a perspective view of a Michelson interfer-
ometer formed in integrated optics with a single coupler
and two waveguide segments with mirror-coated open
ends. | |

The Michelson interferometer of FIG. 1 serves to
assist the further explanation of the basic concept with-
out restricting the range of possible application of the
invention. As shown, it includes titanium-endiffused
monomode waveguides on an X-cut LiNbQOj3 substrate
1. Entrance and exit waveguides 2 and 3 respectively
are connected via an fiber-optical connection 4 to a
light source (not shown) of, e.g. 830 nm wavelength
and, via an fiber-optical connection 4’ to a detector (not
shown).

X-polarized light, for example, is partially coupled
over from the entrance waveguide 2 to the exit wave-
guide in a coupling region 5. The two waveguides 2, 3
are closed off with reflecting coatings 6 and 6’ at the
substrate end remote from the coupling region §.

The light from the two waveguides reflected back by
the coatings 6, 6’ interferes within the coupling region 5.
Depending upon the phase difference, the light is passed
more into the waveguide 2 or the waveguide 3. The
intensity signal produced therefrom passes via the fiber-
optical connection 4’ to the detector.

The phase relation within the coupling region is de-
termined by the difference of the paths L.; and L1’ be-
tween the coupling region § and the reflecting coatings
6, 6', respectively (the path difference Lj—Ljy’), the
refractive index n along the waveguides and the wave-
length of the light. The LiNbOj crystal expands ther-
mally in the Y direction with twice the magnitude as in
the Z direction. on the other hand, the refractive index
n in the case of X polarization changes with equal mag-
nitude in the two optical paths L1, L1{'.

If, for example, as shown in the drawing, the devia-
tion of the two paths Ljand L’ from 45° with respect
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to the Y axis is selected to be £10°, then the following
absolute values occur:

Thermal change  Angle between
Coefficient of of the refractive  waveguide and
thermal expansion index Y axis
Li:a;=128.10"6 d=117.-10—% @§; = 35°
Li:a) = 10.1.10-% d=117.10"% @8, = 55°

If the quantities Li-n and L.1"-n change in absolute terms
by the same amount & in the vent of a temperature
change, then the optical path differences Lj-n—L1'-n
remains constant. The following then applies:

Ly-n—-Ly-n=(L1-n+8) —(Ly n+0)
L1 —LY)-n=(Ly—Ly)-n

For the thermal change of the optical path, the follow-
ing are then applicable to the first approximation:

(N=L-na+d)-T—

Ly-nlaygny +d)-T=Ly -nlayg1y+ 4d)- T

Ly (@' +d  13,8.10—6
Ly  (ar+d)  145.10-6
Ll _ 08138

""L_i'.v_" — \J,

This example illustrates only one of many possible
designs within the scope of the invention.

In principle, the direction of polarization of the light,
the crystal cut of the substrate (1.e. wafer disc), the
direction of propagation of light and the type of inter-
ferometers are immaterial. It is almost always possible
to solve the appropriate system of equations. The sub-
strate material must merely be capable of producing
waveguides thereon whose length and/or refractive
index changes to differing extents in different (spatial)
directions as a result of a temperature change. The
extent of the theoretical description may differ from one
case to another. The above example only illustrates the
theoretical description appertaining to a simple case to
provide an understanding of the principle.

For a more precise theoretical description of the
invention, three important formulae are required: the
angle dependence of the refractive index and its thermal

change as well as the dependence of the coefficient of

thermal expansion of the angle. The formulae and mate-
rial constants required for this are known and can be
found for all relevant materials in the pertinent litera-
ture. The refractive index n(@), its thermal coefficient
d(6) and the coefficient of thermal expansion a(@) are
readily available.

This permits a statement of the fundamental equation

which describes the equality of the thermal change of

two optical paths. In this case, an interferometer may
consist of any selectable number of straight partial sec-
tions, the sum of which describes the entire interferome-
ter arm. In practice, each arm will consist of as few
straight partial sections as possible.

i n
2 Linyen (aien + dien) = kEI Ly

=1

- Nk (@goxy + iony

The desired optical path difference is determined as

4

m n |
'21 Linxgi — kEI Li'nior) = AL

° The prior art discloses two methods for splitting light
utilizing integrated optics:

(1) Polarization-independent splitting (Y branch, di-
rectional coupler) occurs when the injected hght
intensity is apportioned to the two waveguides
independent of its state of polarization. When using
such couplers, it is helpful to employ light polar-
ized parallel to a crystal principal axis.

(2) Polarization-dependent splitting (polarization-
dependent directional couplers). In this case, the
component of the injected light that is polanzed
perpendicular to the crystal’s optical axis 1s cou-
pled into one waveguide and the perpendicular
thereto polarized light is coupled into the other
waveguide. If light polarized at 45° to the crystal
principal axis is injected into this type of coupler,
then mutually perpendicularly polarized light
propagates in the two interferometer arms.

Above all, two known types of interferometer con-
structed in integrated optics may be temperature-stabil-
ized according to the invention.

(1) The Michelson interferometer consists of a single
coupler and two waveguide segments which are
mirror coated at their ends. The information signal
is extracted at the same coupler at which the light
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0 is coupled in (see FIG. 1).

(2) In a Mach-Zehnder interferometer, the injected
light is split at a coupler into two waveguides
which traverse separate paths and is recombined at

35 a second coupler. The desired interferometer signal

is then available downstream of the second coupler
(see FIG. 2).
The invention may be explained with reference to
two materials of differing thermal expansions and
4o lengths. In the case of a determined length ratio the
materials expand precisely by the same amount. Ac-
cordingly, the absolute length difference will remain
constant.
The invention makes use of one of two physical facts:
45 known anisotropic materials expand thermally to differ-
‘ent extents in different spatial directions and in known
anisotropic materials the refractive indices appertaining
to the different directions of light polarization change
thermally to different extents in predetermined direc-
so tions of optical propagation. Furthermore, it is possible
to combine these two anisotropic material effects.
- Accordingly, the invention provides an integrated-
- optics interferometer with optically unequally long
arms or paths on a substrate material subject to tempera-
55 ture-specified direction-dependent length changes and-
/or refractive index changes, so that thermal compensa-
tion without active regulation is achieved by controlled
utilization of these differing coefficients. |
If the two arms or light paths of a balanced interfer-
60 ometer take the form of two equally long waveguides
on the surface of an 10 substrate with direction-depend-
ent thermal expansion, then the optical path length
changes will occur to differing extents. In such circum-
stances, even a balanced interferometer can never be
65 maintained thermally stable. When, according to the
invention, the arms or path lengths are of differing
lengths, then it becomes clear that, for a given length
ratio, the optical path difference does not change with
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temperature. This occurs when the optical lengths of
the two waveguides change by precisely the same
amount. | |

For actual realization, three fundamental possibilities
exist:

FIRST PRINCIPLE

The direction of polarization of the injected light is
selected so that the thermal change of the refractive
index is of equal magnitude in all light paths. Accord-
ingly, the two interferometer arms are distinguished
only with respect to their coefficients of thermal expan-
sion, while the refractive index and its thermal depen-
dence are the same in both arms. Therefore, a crystal
wafer 1s required with the polar axis parallel to the
surface (X or Y cut). The polarization of the light must
be perpendicular to the optical axis in each waveguide.

In this case, the principal equation is of the following
form:

n | m r
;2 Limleien + &) = 2 L' n @iy + 9)

Both types of interferometer may be constructed in
accordance with this principle. The example of FIG. 1
shows a Michelson interferometer with a polarization-
independent coupler and, one waveguide segment per
arm, which is operating in accordance with this princi-
ple.

SECOND PRINCIPLE

The coupling region between the light paths is de-
signed so that light of mutually-perpendicular direc-
tions of polarization propagates in the two light paths.
As a result of this, the thermal change of the refractive

‘index is of different magnitude for different directions
~ of propagation. That is, only the refractive index and
the thermal change thereof differ between the two
arms. On the other hand, the thermal expansions are
identical for the two arms. Therefore, a crystal wafer is
required which is cut so that the coefficient of thermal
expansion 1s equal in all directions parallel to the sur-
face. In this case, the polar axis is perpendicular to the
surface (Z cut). The directions of polarization of the
light in the two waveguides must extend perpendicular
to one another, requiring the use of a polarization-
dependent coupler. |

In these circumstances, the principal equation is of
the following form:

m
2 Lin(a + d) =

n
= kilLkn(a+d')

Both types of interferometer may be construed using
this principle.

FIG. 2 is a perspective view of a Mach-Zehnder
interferometer in integrated optics in which the injected
light 1s apportioned to two waveguides at a coupler and,
after traversing separate paths, 1s combined at a second
coupler. In the example of FIG. 2, the Mach-Zehnder
interferometer, having three straight waveguide seg-
ments per each arm, operates in accordance with this
second principle. The interferometer includes titaniu-
min-diffused monomode waveguides on a Z-cut LiN-
bOj; substrate 1. Light polarized at 45° to the substrate
surface 1s injected via a lens 7 into the entrance wave-
guide 2 using beam optics. Again, using beam optics, the
light 1s passed from the exit waveguide 3 via a further
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lens 7’ and the polarizer 8 to a detector (not shown). A
coupler 9 is designed so that light polarized parallel to
the surface is passed into the interferometer arm consist-
ing of the straight waveguide segments L, L and L.
Perpendicular thereto polarized light is passed into the
other interferometer arm consisting of the straight
waveguide segments L1, L2’ and L3'. The light from
the two arms is recombined at a further coupler 9’ and
conducted into the exit waveguide 3.

The direction of polarization of the recombined light

-1s a function of the phase difference between the two

directions of polarization and, thus of the difference in
length between the two arms. The polarization direc-
tion is converted into intensity information by the polar-
1zer.

At a light wavelength of, for example, 830 nm, the
following values emerge:

Thermal change
Coefﬁcient of of the
thermal expansion Refractive index refractive index
L:ia = 154 . 10— n = 2.252 d=17.10~6
L:ia’' = 154 - 10—6 n' = 2.172 d' = 20. 106
3 3
Z Lin(a+d)= kzl L'xn'(a + d')
| E— p—
Li+tbe+ls w@id)
L'1+L2+L3s  n-{(a+d
2,172 . (15,4 + 20) . 10—6
2,252 - (154 + 1,7 - 109
L
T = 1,9966

THIRD PRINCIPLE

The polarization of the injected light is so chosen that
the thermal change.of the refractive index differes in
magnitude for different directions of propagation. In
other words, both the refractive index and the thermal
change thereof and also the thermal expansion differ in
the two interferometer arms. Therefore, a crystal wafer
is required whose polar axis is parallel to the surface (X
or Y cut). The thermal expansion must be parallel to the
surface in at least one interferometer arm.

The principal equation has the following form:

m £} ’ '
2 Linen - (axen + dion) = 2 Lk nioiy - (@iory + diqory

i=1

Both types of interferometer may be constructed in
accordance with this principle.

Thus it is seen “nat the present invention provides an
integrated optics device for interferometric measure-
ment of light waves that does not require active regula-
tion of thermal compensation. Furthermore, the inven-
tion achieves this highly-desirable result with a device
in which an optical path difference, once set, does not
change over a relatively-large temperature range.

While this invention has been described with refer-
ence to its presently-preferred embodiment, it is not
limited thereto. Rather, this invention is limited only
insofar as it is defined by the following set of patent
claims and includes within its scope all equivalents
thereof.
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What is claimed is:

1. An interferometer with temperature invariant opti-
cal path length difference formed in integrated optics
on an anisotropic substrate comprising, in combination:

a) a pair of monomode waveguides for receiving an
input light beam, said waveguides being of differ-
ing optical path lengths; -

b) the directions of said waveguides being selected
with respect to the crystal axes of said substrate,
their path lengths and the direction of polarization
of said input light beam so that the optical length
difference is unaffected by temperature changes;
and

c) the geometric positions of said light paths and their
lengths are chosen with regard to the anisotropic
material effect of different coefficients of thermal
expansion in different spatial directions of said
substrate.

2. An interferometer with temperature invariant opti-
cal path length difference formed in integrated optics
on an anisotropic substrate comprising, in combination:

a) a pair of monomode waveguides for receiving an
input light beam, said waveguides being of differ-
ing optical path lengths;

b) the directions of said waveguides being selected
with respect to the crystal axes of said substrate,
their path lengths and the direction of polarization
of said input light beam so that the optical length
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difference is unaffected by temperature changes;
and

¢) the geometric positions of said light paths and their
lengths are chosen with regard to the anisotropic
material effect of different thermal changes of re-
fractive indices in different spatial directions of said
substrate., |

3. An interferometer with temperature invariant opti-

cal path length difference formed in integrated optics
on an anisotropic substrate comprising, in combination:
a) a pair of monomode waveguides for receiving an
input light beam, said waveguides being of differ-
ing optical path lengths;
b) the directions of said waveguides being selected
with respect to the crystal axes of said substrate,
their path lengths and the direction of polarization
of said input light beam so that the optical length
difference is unaffected by temperature changes;
and
c) the geometric positions of said light paths and their
lengths are chosen with regard to the anisotropic
material effect of different coefficients of thermal
expansion in different spatial directions of the sub-
strate and the anisotropic material effect of differ-
ing thermal changes of refractive indices in differ-
ent spatial directions of said substrate.
4. An interferometer as defined in claim 1 comprising
a Michelson interferometer.

5. An interferometer as defined in claim 1 comprising
a Mach-Zehnder interferometer.

6. An interferometer as defined in claim 2 comprising
a Michelson interferometer.

7. An interferometer as defined in claim 2 comprising
a Mach-Zehnder interferometer.

8. An interferometer as defined in claim comprising a
Michelson interferometer. |

9. An interferometer as defined in claim comprising a

Mach-Zehnder interferometer.
¥ & * * %
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